Abstract

27
The circadian system is a key integrator of behavior and metabolism that 28 synchronizes physiological processes with the rotation of the Earth on its axis. In 29 mammals, the clock is present not only within the central pacemaker neurons of 30 the hypothalamus, but also within extra-SCN regions of brain and nearly all 31 peripheral tissues. Recent evidence suggests that the complex feedback 32 networks that encompass both the circadian and metabolic systems are 33 intimately intertwined, and that disruption of either system leads to reciprocal 34 disturbances in the other. We anticipate that improved understanding of the 35 interconnections between the circadian and metabolic networks will open new 36 windows on the treatment of sleep and metabolic disorders, including diabetes 37 mellitus and obesity. 38
39
I. Clocks, metabolism and disease
40
Diverse organisms, ranging from unicellular fungi to plants and 41 vertebrates, have evolved an internal molecular timekeeping mechanism to 42 synchronize endogenous systems with the 24 hr environmental light-dark cycle 43 (hence the term circadian, which derives from circa diem, or "about a day"). In 44 vertebrates, the circadian clock synchronizes cycles of fuel acquisition, storage 45 and utilization in anticipation of the daily sleep-wake cycle that corresponds with 46 periods of fasting and feeding. While the existence of an internal clock was 47 that there is a critical relationship between metabolic processes and the time of 73 day, the recent availability of genetic and molecular tools has transformed our 74 understanding of the function of the clock transcription network in these 75 processes. 76
77
II. Molecular basis of the circadian oscillator 78
The first mammalian circadian gene Clock (circadian locomotor output 79 cycles kaput) was discovered through an unbiased mutagenesis screen in the 80 early 1990s (3, 40, 98) . Rapid advances in the field in the ensuing years have 81 revealed that the molecular machinery controlling circadian timekeeping consists 82 of a core transcription/translation feedback loop that produces 24-hour rhythmic 83 patterns of gene transcription (Fig 1) . CLOCK and its partner BMAL1, both 84 bHLH-PAS (basic helix-loop-helix -Period-Arnt-Singleminded) transcription 85 factors, comprise the positive limb of the circadian oscillator (11, 37) . In extra-86 SCN tissues, neuronal PAS domain protein 2 (NPAS2) functions as a CLOCK 87 orthologue (74). Loss-of-function mutations in Clock are compensated by Npas2 88 in SCN, giving rise to normal locomotor activity rhythms in Clock-deficient mice, 89 although oscillation of clock genes within peripheral tissues is not fully 90 compensated in the absence of CLOCK (23, 24) . CLOCK is necessary and 91 sufficient to produce circadian oscillation in neuronal cells (108) Clock mutation, become arrhythmic in constant darkness (3, 11, 109) . However, 114 knockout of Per1, Per3, Cry1 or Cry2 leads to either shortening or lengthening of 115 circadian period, but not to arrhythmicity, suggesting functional redundancy 116 among the components of the clock machinery (95, 109) . 117
In vertebrates, the master clock mechanism was initially identified through 118 lesioning studies in the SCN in the hypothalamus (87). The core clock machinery 119 was later detected in other brain regions and in the periphery, including tissues 120 important for normal cardiometabolic function (21, 107 tissue, heart, and vasculature (2, 66, 70, 78, 88, 105, 110 (43, 53, 67, 70) . pathways play a critical role in the regulation of SIRT1 function. Of note, Nampt 221 was one of only 37 genes that showed identical phases of peak expression in 222 both liver and heart (88), suggesting that circadian regulation of NAMPT-223 mediated NAD + biosynthesis and SIRT1 activity may represent a central core 224 mechanism in the generation or maintenance of circadian patterns in multiple 225
tissues. 226
A negative feedback loop linking both the NAMPT-mediated NAD + 227 biosynthesis pathway and SIRT1 with the core circadian clock circuitry has 228 recently been described by several groups (5, 61, 62, 73) (Fig 2) . CLOCK and 229 BMAL1 directly regulate the transcription of Nampt, which oscillates at both the 230 RNA and protein levels in a circadian fashion, peaking around ZT14. The 231 circadian oscillation of NAMPT directly translates to daily oscillations in NAD + 232 levels in liver, and the peak in NAMPT and NAD + corresponds with the reported 233 peak in SIRT1 activity around ZT15. SIRT1 then physically interacts with the 234 positive limb of the core clock feedback loop (CLOCK and BMAL1) and is 235 recruited to the promoters of clock target genes. Genetic and pharmacologic 236 manipulation of the NAD + biosynthetic pathway and SIRT1 reveal that SIRT1 237 negatively regulates CLOCK and BMAL1 activity. Because both NAMPT and 238 SIRT1 are acutely sensitive to the metabolic state of the cell, the 239 NAMPT/SIRT1/CLOCK:BMAL1 feedback loop is key to understanding how the 240 circadian clock is able to maintain synchrony of the metabolic oscillators in 241 peripheral tissues in response to nutritional input. Furthermore, the rhythmic 242 production of NAD + is also likely to play a critical role in a number of downstream 243 metabolic pathways, as well as chromatin regulation and potentially aging. Transgenic overexpression of Clock Δ19 in cardiomyocytes has revealed a 289 role of the circadian gene network in heart rate variability, contractility, and 290 responsiveness of the heart to changes in afterload (10). Some or all of the 291 physiologic deficits in myocardial function of these mice have been linked to 292 alterations in cardiac fuel handling. Collectively, these findings support the 293 hypothesis that the cardiomyocyte clock enables the heart to anticipate and 294 respond appropriately to rhythmic variations in external stimuli, such as 295 increased workload. 296
It is important to note that core circadian clock components may play 297 distinct metabolic roles in different tissues, in addition to their function in 298 regulating circadian rhythms. For example, a muscle-specific Bmal1 rescue, 299 which results in constitutive overexpression, revealed that BMAL1 function in the 300 muscle is important for activity, body weight maintenance and longevity (54). repeatedly indicated that lack of sleep is an independent risk factor for obesity 312 and hypertension (31). Chronic short sleep duration is associated with increased 313 BMI and incidence of type 2 diabetes (34, 36, 64, 89) . Furthermore, poor sleep 314 quality, as observed in patients with obstructive sleep apnea, is also associated 315 with type 2 diabetes and cardiovascular disease (91). Clinical studies have found 316 that even short periods of sleep restriction can negatively affect energy 317 metabolism. Partial sleep loss leads to increased glucose levels, decreased 318 insulin sensitivity and reduced glucose tolerance (86). Short periods of reduced 319 sleep are also associated with decreased leptin and augmented ghrelin levels, 320 leading to increased appetite and food consumption that can potentially cause 321 excess weight gain (85, 89) . 322
The precise mechanisms underlying the interconnection between sleep 323 time and energy balance are still uncertain. In addition, controversy remains 324 concerning the role of the circadian system in sleep, although mounting evidence 325 suggests that the SCN contributes to more than just the timing of sleep and 326 wakefulness (27, 56). Indeed, sleep deprivation per se induces marked changes 327 in the electrical activity of SCN neurons, suggesting that SCN also receives input 328 from cortical structures in addition to photic input to gauge sleep phase (22) . 
